I
n preparing patients for any elective and most emergency surgical procedures, it is now mandatory to advise them of the associated risks. Implicit in the idea of informed consent is that patients understand both the qualitative and quantitative aspects of the complications of surgery. Quality (the nature of the problem) and quantity (the probability of it occurring) are interrelated in the acceptability of risk. Therefore, a risk metric needs to be able to enumerate both of these variables.
Using an established engineering approach, risk (R) can be represented as:
where i is used to designate a particular adverse event, P(i) is the probability of that event occurring, C(i) is a numerical representation of its associated consequence (eg, cost, days spent in hospital, severity of pain), and R i is the risk associated with the adverse event.
When an operation has many potential adverse outcomes, it is necessary to quantify the cumulative risk of all of the major and common complications. Several different ways can be used to model aggregated risk, and many are specifi c to an individual type of problem (eg, infection, dislocation, death). However, the simplest approach is to defi ne aggregated risk as the sum of individual risks:
where i is an integer from 1 to n that designates each adverse outcome, n is the total number of adverse outcomes, and R T represents the total aggregated risk. Therefore, R 1 is the risk of the fi rst adverse outcome, R 2 is the risk of the second, and so on. For a comprehensive risk assessment, all possible complications must be considered. In an operating context, both technical and systemic hazards need to be evaluated separately and then summed to produce an overall risk.
The probability of a complication can be derived from the published incidence and can be expressed as a decimal of 1. In orthopedic surgery, some crude incidences are available for the more common complications of popular procedures. Infrequently, these fi gures can then be stratifi ed for individual patients when the effect of factors such as age, personal habits, and comorbidity is known. When such fi gures are not available, then a task is set for further research and data accumulation. The process of risk evaluation is familiar to the insurance industry, which has learned to estimate the probability of death to the point of making life insurance a paying proposition. When there is good evidence of differing probability of a complication in a particular group, a multiplier is used.
The numerical representation of consequence is more diffi cult. It would be possible to use any of the several rating scales available, such as Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), lifestyle questionnaires, and hip, knee, and other function scores. However, none of these scales are suitable for 2 reasons. First, they cannot cope with the range of complications that occur in surgery. Second, they rely on subjective evaluations (how much pain? how stiff? how diffi cult?) whose accuracy is not testable.
To overcome these defi ciencies, we propose that complication types be classifi ed into unambiguous (true or false) levels of increasing severity. Both systemic and local complications are allocated to strata of approximately equivalent effect. An individual complication, such as a joint infection, can then be placed in a specifi c level according to its most likely effect on the patient.
For example, a superfi cial infection would go into level 1, whereas an infection of a prosthesis that required a single revision operation would go into level 6.
If the infection necessitated amputation it, would go into level 9, the highest of the local complication classes. Membership of each complication category is defi ned by a yes-or-no answer. The classifi cation used in this study to evaluate technical and systemic risks from 3 different knee operations is shown in Table 1 .
The next step is to assign a numerical value to each group. The questions then become: (1) what values to assign? and (2) what is an appropriate relationship between consecutive groups? The latter is important because it will affect how extreme events are weighted. Once the appropriate scale is chosen, risk scores for each complication can be calculated and are then summed to provide a total risk score for a particular operation.
Using this approach, risk scores have been determined for 3 operations commonly used for the treatment of medial compartment osteoarthritis of the knee: total knee arthroplasty (TKA), high tibial osteotomy (HTO), and medial unicompartment replacement (UKA). Initially, the scores allocated to each level used a simple linear progression from 1 to 10. To test the validity, we recalculated the results using 4 other mathematical progressions to see whether this changes the conclusions about the relative risk rating of the different operations.
MATERIALS AND METHODS
The probability of systemic and technical complications was obtained from a representative literature review seeking the incidence of 4 systemic (death within the fi rst postoperative year, stroke, cardiorespiratory debility, urinary problems), and 8 technical (periarticular fracture, neurovascular injury, deep infection, revision operation within 5 years, wound problems, persistent pain, joint instability, and Ͻ90° of range of motion [ROM]) complications for TKA, HTO, and UKA. Multiple searches were performed in PubMed seeking individual complication using the following terms: total knee ar-throplasty, TKA, TKR, knee replacement, unicompartmental knee arthroplasty, unicondylar knee, UKA, high tibial osteotomy, HTO, and tibial osteotomy. The references from found articles were then reviewed. In addition, information was sought from Swedish, Norwegian, and Australian Joint Registries. When no report of complications could be found, the event was designated as not reported, and a probability of 0 was accepted.
We recalculated the results using 1 linear and 4 nonlinear scales to see whether this altered the outcomes ( Table 2 ). The following scales were used:
where i equals 1 for the least severe complication and 10 for the most severe. Calculations were performed using an Excel spreadsheet (Microsoft Corporation, Redmond, Washington). To compare the scale types graphically, fi nal risk scores were normalized by dividing each value by the lowest risk score.
RESULTS
The calculated risk of TKA is shown in Table 3 . All of the components that comprise the total assume that no signifi cant comorbidity exists and that age is р70. It can be seen that the greatest risks are persistent pain and urinary problems.
The effect of age and 3 different comorbidities-obesity, smoking, and variation in surgical technique-as they relate to specifi c complications of TKA is shown in Table 4 . The reported multipliers, their effect on the incidence of individual complications, and their overall effect on total risk are shown. Factors such as age, morbid obesity, and performing 2 TKAs at once have been reported as affecting the incidence of 1 complication.
In contrast, cirrhosis, diabetes mellitus, and smoking affect several complications. Table 4 breaks down the effect of each complication and, where relevant, calculates the total additional risk. The greatest effect is of obesity, by virtue of a 7.8-fold increase in the incidence of infection, 1,2 causing both deep infection in the prosthesis and wound problems. This Age older than 85 years increases mortality 4 by a multiple of 3.4, with cumulative risk increasing by 9%. Age younger than 55 years increases the risk of revision at 5 years by 2.4, which translates to an increased total risk of 1%. Performing 2 TKAs at once on the same patient under 1 anaesthetic 5 increases the risk of death, with a multiplier of 2.9 and the total risk an additional 7%. Diabetes mellitus increases cardiorespiratory and all infective complications, with total risk 19% greater than for patients without diabetes mellitus. 6 Cirrhosis has multiple effects, increaing the risk of stroke, deep infection, premature revision, and persistent pain but decreasing cardiorespiratory complications. 7 The net effect is to increase risk by 17%, which is less than the effect of diabetes mellitus or preexisting cardiorespiratory problems. Smoking has a risk similar to that of diabetes mellitus. It is associated with an increased risk of several complications, 8 with a total risk increase of 17%.
A comparison of the risks associated with TKA, HTO, and UKA is also shown in Table 3 . The risk ratios of TKA:HTO:UKA are 1.00:1.01:0.31. On the basis of what has been published to date, HTO carries the same overall risk as TKA, but the nature of the risk is different. The major risks associated with TKA are systemic, whereas those of HTO are local and technical. Unicompartmental replacement appears to be a much safer procedure. The risk ratio comparison of UKA:TKA:HTO is 1.00:3.26:3.30.
The complications listed in Table 3 can be divided into systemic (death, stroke, cardiorespiratory debility, urinary problems), local technical (neurovascular, deep infection, wound problems), and outcome (revision, persistent pain, instability) groups. The subtotals of the systemic complications for TKA, HTO, and UKA were 1.44, 0.00, and 0.06, respectively. For the local technical issues, the subtotals were 0.28, 0.66, and 0.29, respectively. The outcome-related subtotals were 1.76, 2.86, and 0.72, respectively. This indicates that TKA carries the greatest systemic risks, and that HTO has the most severe local technical complications and the worst outcome-related problems. UKA does relatively well on all complication fronts.
The use of nonlinear scales does not seem to affect the results. When all risk values shown in Table 2 were recalculated using alternative scales and were normalized by the risk score associated with the UKA option (because it was always the lowest), little change occurred in the magnitudes of the 3 operations, which is shown in the Figure. Therefore, for the 3 operations shown, the assignment of val- ues to the consequence categories had no effect on the risk comparison between the 3 operative options.
DISCUSSION
The question central to the validity and use of this approach is the treatment of qualitative concepts (complications) in a mathematical manner. However uneasy one is about this, it is still done routinely in orthopedic surgery. Almost all of the rating scales that are used to assess lower limb function-hip scores, knee scores, WOMAC, and SF-36-allocate scores, which are then treated arithmetically. For example, in the WOMAC assessment, the addition of scores for multiple aspects of mobility is an act of faith that accepts that moderate impairment of rising from bed is of equal value to a moderate impairment of ascending stairs.
More eclectic scoring systems, such as hip and knee scores, sum arbitrary units of 1 qualitative function (such as mobility) with another (such as ROM). Many rating scales do not defi ne their grades with any accuracy so that categories such as mild, moderate, severe, and extreme are open to subjective interpretation. Finally, the slope of the relationship between grades is not clear in any of the scoring systems. Although a mild defi cit in the WOMAC score is graded as 1, is an extreme deficit graded as 4 really equivalent to 4 mild problems?
We have followed multiple orthopedic precedents and have allocated numerical values to broadly defi ned degrees of postoperative misfortune. Complications are evaluated strictly by a true-or-false decision and relate to the effect they have on the patient. We tested the effect of using different numerical progressions and found that this did not change the outcome as it related to the relative safety of TKA, HTO, and UKA.
The second driving idea is that of a cumulative risk profi le. Most surgeons will have patients who, despite an adequate final outcome, have been through so much that they regretted having had the surgery. Some operations are notorious for the multiplicity of small (or not so small) complications that they generate. These can cause the patient the equivalent of "death by a thousand cuts." Patients need to be aware of such scenarios. Individuals often concentrate on hazards they fear (eg, stroke) or ones they have heard about from others (eg, infection). The relative signifi cance of each needs to be kept in the context of others that they may have not considered. When attempting to compare the relative risk associated with these 3 common orthopedic procedures, it becomes apparent that a totally valid comparison is almost impossible. This is despite the fact that these operations are often presented as realistic alternatives for patients with medial compartment arthritis of the knee. The fundamental problem is that suffi cient statistical evidence has not been gathered and published. Thus, there are virtually no publications that deal with the systemic complications of either UKA or HTO. Although it is a common experience that these operations have a low incidence of such complications, complications still exist.
When complication incidences are reported, 2 issues emerge. The fi rst is that in the majority of articles, there is no stratification of risk according to age or comorbidity. Some articles show that multiple factors such as age, gender, smoking, 9 comorbidity, surgical technique, 10 and the quality of the hospital 11, 12 affect the risk to which patients come to be exposed. However, most articles that publish complication incidences do not pay suffi cient heed to the variables that determine them.
We have shown the effect of some of these variables on cumulative risk. One can assume that similar risk stratifi cation exists for the other 2 procedures.
The second problem with the application of complication data is that the reported incidence of complications, such as infection, varies widely. Some of this variation is attributable to the issues of patient age and comorbidity, which were discussed above. However, this is not the only cause of the differences. Many of the reports dealing with infection incidence are methodologically fl awed, with poor follow-up, low patient retrieval rates, and a lack of clear defi nitions of infection. Also, genuine institutional differences exist in regard to the standards of operating room staff behavior, modernity of operating facilities, 13 and antibiotic prophylaxis having an effect and varying widely. In such cases, the probability of a complication occurring has to be estimated on the basis of that institution's (or even 1 surgeon's) results. Finally, some complications, such as tibial plateau fracture in UKA, are specifi cally associated with a particular surgical technique. 14 However, even with the limited information that is available, it is clear that the 3 operations have different risk profi les. Total knee arthroplasty has signifi cant systemic risk, some of which is associated with fat embolization that results from the use of intramedullary rods. [15] [16] [17] Some of the added safety of UKA and HTO may be due to the avoidance of these. However, even if one assumes that the risk of stroke and chest and urinary problems was 0, HTO still has a substantially higher risk index than the other operations based on technical complications alone. The relative safety of UKA (over TKA) supports the impressions of several sources, [18] [19] [20] but these publications do not provide suffi cient detail to be used either as patient information or in the mathematical evaluation of risk.
To embark on an operation such as high tibial osteotomy, in which the local complications alone produce a complication index Ͻ3.5, the symptom threshold at which surgery should be contemplated would need to be high-higher than for either of the 2 alternatives. Similarly, if the patient is older than 80 years and has diabetes mellitus, the acceptable symptom threshold should perhaps be higher than one would accept for someone with no comorbidity and who is in the minimal risk age group.
We report that the engineering approach to the quantifi cation of risk can be adapted for use in surgery and has value in comparing the risk profi les of alternative forms of treatment for medial compartment osteoarthritis.
